[Mn(bpy)(CO) 3 Br] cast in a Nafion membrane is an active heterogeneous electrocatalyst with good selectivity for CO 2 reduction to CO in neutral aqueous electrolyte. Addition of multi-walled carbon nanotubes (MWCNT) leads to a B10 fold current enhancement and stable CO : H 2 yields (1 : 2) at À1.4 V vs. Ag/AgCl at pH 7.
The electrochemical reduction of CO 2 to products such as methanol, formic acid and CO offers an environmentally benign route to the production of high value fuels from a waste feedstock. The production of syngas (CO : H 2 B 0.5) from CO 2 and water is of particular interest as it can be used to make a wide range of hydrocarbon products through Fischer-Tropsch chemistry. As a result of this, significant efforts towards the development of both homogenous and supported (heterogeneous) metal complexes for CO 2 electrocatalysis are underway. [1] [2] [3] One of the most commonly studied homogenous CO 2 catalysts is [Re I (bpy)(CO) 3 X] (bpy = 2,2 0 -bipyridine and X = Cl À , Br À or solvent) which has received extensive interest both as a photocatalyst and electrocatalyst due to its activity and selectivity for CO 2 reduction, often to CO. [4] [5] [6] A limitation of [Re(bpy)(CO) 3 X] is the high cost of the metal centre and the relatively high overpotential for CO production. 4 Several recent reports have demonstrated that [Mn I (L)(CO) 3 X] (L = bpy, 7 4,4 0 or 6,6 0 -disubstituted-2,2 0 -bipyridine 8, 9 ) are highly effective precursors to catalysts for homogeneous CO 2 reduction to CO, with [Mn(bpy)(CO) 3 ) and left to dry in the dark. The cyclic voltammetry (CV) (Fig. 1(a) ) and square-wave voltammetry (SWV) (Fig. 1(b) (Fig. S1 , ESI †). In Nafion in an aqueous solution this reduction is hard to identify in the CV at 10 mV s À1 under argon ( Fig. 1(a) ); however both higher scan rate CV (Fig. S6 , ESI †) and SWV ( Fig. 1(b 
Under CO 2 a significant increase in cathodic current is observed ( Fig. 1(a) ) which is assigned to catalytic CO 2 reduction, with the most pronounced effect being at potentials negative of the 2nd reduction, indicating that the principle catalytically active species is [Mn(bpy)(CO) 3 ] À . 20, 21 On the first CV scan immediately after CO 2 purging a peak in the cathodic current at À1.4 V was noted, which decayed by the 3rd sweep to a steady state. This is tentatively assigned to be a result of the initially high CO 2 concentration in the Nafion/catalyst film, which rapidly stabilizes in subsequent sweeps. Controlled potential electrolysis (CPE) of the Nafion/ [Mn(bpy)(CO) 3 (Br)] films at potentials between À1.3 and À1.6 V led to the production of CO and a good selectivity towards CO 2 reduction was achieved with CO : H 2 B 2, stable for 44 hours, Fig. 2 . The selectivity towards CO 2 was found to be highly dependent upon the applied potential, with H 2 production, the sole product in a Nafion/GCE film in the absence of a catalyst (Fig. S20 , ESI †), dominating at À1.6 V (Table 1) . A total Faradaic efficiency of B75% is achieved for gas phase products (CO + H 2 ) at À1.5 V. We have also considered that a low concentration of liquid phase CO 2 reduction products may be produced which would account for the small amount of missing charge. However the expected low concentrations of liquid based products, here at most BmM (see ESI 1.4 †), prevents quantitative analysis by NMR.
The good stability of the current and selectivity towards CO 2 in Fig. 2 over a four hour period indicates that the CO detected is from electrocatalytic CO 2 reduction and not from ligand loss. Electrocatalysis is confirmed by the following experiments: (i) CPE at À1.5 V under Argon shows no significant CO production and a low cathodic current; when CO 2 is introduced into the cell a large increase in the current is observed and CO production is initiated, Fig. S13 (ESI †). (ii) Prolonged CPE gives total turnover numbers (TONs) based on the total amount of [Mn(bpy)(CO) 3 Br] Fig. 1 (a) (Fig S8. ESI) .
in the casting solution Z14 well in excess of the theoretical maxima of 3 obtainable via ligand loss (Fig. S21 and S22, ESI †) Repeated experiments over a 2 day period with a single film (Fig. S21 , ESI †) also indicate that the samples have reasonable mechanical stability and that they can be recycled as we observe that the CO production rate is approximately constant in successive experiments. However over very long periods of time, although the CO production rate is maintained, the selectivity towards CO 2 does decrease due to an increase in the surface area of the bare GCE brought about by partial delamination. Furthermore, electrochemical ( Fig. S14 and S15, ESI †) and spectroscopic (NMR and UV/vis Fig. S16 and S17, ESI †) analyses of post CPE electrolytes show no evidence for catalyst loss into solution.
A small, but not insignificant (x2) enhancement in the cathodic current at potentials as low as À1.15 V under CO 2 ( Fig. 1(a) ) and the presence of CO in CPE experiments (Table 1) are catalytically active towards CO 2 at potentials positive of that required for the formation of the monomeric anion. 7, 20, 21 Here we tentatively assign the low level of CO production at rÀ1.3 V to be occurring via CO 2 and H + addition to [Mn(bpy)(CO) 3 ] 2 in Nafion.
The increased activity of [Mn(bpy)(CO) 3 ] 2 in Nafion towards CO 2 may be related to the enhanced proton concentration in our aqueous-Nafion system. A limiting factor of the Nafion-[Mn(bpy)(CO) 3 Br] system is the low concentration (0.25%) of electroactive material when a planar GCE is employed. MWCNTs have an extremely large surface area, unique electrochemical properties and can be used to immobilise molecular electrocatalysts either via p-p interactions 14, 22 or through covalent functionalization. 23, 24 A range of high surface area molecular electrocatalytic-MWCNT systems have been reported including for water oxidation and reduction, 23, 24 and CO 2 reduction. 22, 25 MWCNT have also been used to enhance the activity of Nafion supported molecular electrocatalysts for fuel cell 14 and sensing applications amongst others. reinforce the promise of this membrane supported catalyst.
In conclusion we present an immobilised electrocatalyst for CO 2 reduction that operates in neutral aqueous solutions with good selectivity towards the production of CO. The low cost heterogeneous system is found to be stable and reusable in successive experiments. Addition of MWCNT to the casting solution leads to an x10 enhancement in current density, circumventing one of the key issues with Nafion immobilised electrocatalysts for CO 2 . The MWCNT system sustained CO and H 2 production at a ratio ideal for use as syngas (B1 : 2). A likely limitation remains the permeability of CO 2 through the Nafion membrane and we anticipate that suitable structuring to enhance gas diffusion will lead to further improvements in catalytic activity.
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